1. 0.5mm-Palmitate stimulated incorporation of [U-14C]glucose into glyceride glycerol and fatty acids in normal fat cells in a manner dependent upon the glucose concentration. 2. In the presence of insulin the incorporation of 5mM-glucose into glyceride fatty acids was increased by concentrations of palmitate, adrenaline and 6-N-2'-O-dibutyryladenosine 3':5'-cyclic monophosphate up to 0.5mM, 0.5 pM and 0.5mM respectively.
Higher concentrations of these agents produced progressive decreases in the rate of glucose incorporation into fatty acids. 3. The effects of palmitate and lipolytic agents upon the measured parameters of glucose utilization were similar, suggesting that the effects of lipolytic agents are mediated through increased concentrations of free fatty acids. 4. In fat cells from 24h-starved rats, maximal stimulation of glucose incorporation into fatty acids was achieved with 0.25 mM-palmitate. Higher concentrations of palmitate were inhibitory. In fat cells from 72h-starved rats, palmitate only stimulated glucose incorporation into fatty acids at high concentrations of palmitate (1mM and above). 5. The ability of fat cells to incorporate glucose into glyceride glycerol in the presence of palmitate decreased with increasing periods of starvation. 6. It is suggested that low concentrations of free fatty acids stimulate fatty acid synthesis from glucose by increasing the utilization of ATP and cytoplasmic NADH for esterification of these free fatty acids. When esterification of free fatty acids does not keep pace with their provision, inhibition of fatty acid synthesis occurs. Provision of free fatty acids far in excess of the esterification capacity of the cells leads to uncoupling of oxidative phosphorylation and a secondary stimulation of fatty acid synthesis from glucose.
There is evidence that the conversion ofglucose into glyceride fatty acids in white adipose tissue in vitro is limited by the ability to supply acetyl-CoA for fatty acid synthesis and not by the ability to convert acetylCoA into fatty acids. Disproportionate changes in fatty acid synthesis from glucose compared with changes in lactate+pyruvate production by the tissue, achieved by alteration of dietary status or by addition of hormones to the incubation medium, suggested that control of the oxidation of pyruvate is important in the regulation of carbohydrate conversion into fatty acids (Denton & Halperin, 1968; Saggerson & Greenbaum, 1970a,b) . Adipose tissue pyruvate dehydrogenase has now been shown to be activated and inhibited in tissues treated with insulin and adrenaline respectively. The manner of regulation appears to be through a phosphorylation-dephosphorylation cycle (Jungas, 1970; Coore etal., 1971) . It is also significant that a considerable proportion of pyruvate derived from glucose in incubated adipose tissues is reduced to lactate, which is released from the tissue. In incubated adipose tissues there appears to be a balance between the production of cytoplasmic reducing equivalents and their utilization in that Vol. 128 compartment Rognstad & Katz, 1966 Saggerson & Greenbaum, 1970a) . It has been proposed that under normal conditions there is no transfer of reducing equivalents from cytoplasm to mitochondria in the tissue (Rognstad & Katz, 1969; Schmidt & Katz, 1969; . Limitation of the reoxidation of cytoplasmic NADH may therefore impose a restraint upon the rate of conversion of glucose into pyruvate. This is supported by the finding that increased utilization of cytoplasmic NADH in the presence of artificial electron acceptors increases fatty acid synthesis from glucose Saggerson, 1972) . In addition Flatt (1970) has proposed that the accepted pathway of glucose conversion into fatty acids is limited by the ability of the tissue to utilize ATP produced in excess by this process. Theoretically fatty acid synthesis from glucose should be facilitated by an increase in ATP utilization or by a decrease in the efficiency of ADP phosphorylation by the tissue. In fact, glucose conversion into fatty acids is increased in the presence of acetate, presumably through increased utilization of ATP for acetate activation (Flatt & Ball, 1966; Del Boca & Flatt, 1969; Saggerson & Greenbaum, 1970a,b (Saggerson, 1972) . The enzymic details of control by limitation of ATP utilization have not been specified, though Flatt (1970) has suggested that ATP production through oxidation of endogenous fatty acids would restrain glucose conversion into fatty acids. Linn et al. (1969) have proposed that mitochondrial oxidation of fatty acids should generate ATP, giving rise to inhibition of pyruvate dehydrogenase. Pyruvate conversion into glyceride fatty acids in fat cells is decreased in the presence of palmitate (Saggerson & Tomassi, 1971) ; however, glucose conversion into fatty acids has been found to be increased in the presence of exogenous free fatty acids under certain conditions (Felber et al., 1966; Cushman, 1970) . Felber et al. (1966) suggested that this effect was due to increased utilization of ATP and cytoplasmic NADH for fatty acid activation and esterification by glycerol 1-phosphate. Similarly, low concentrations of lipolytic hormones stimulate glucose conversion into fatty acids (Flatt & Ball, 1964; Bray, 1967) though higher concentrations inhibit fatty acid synthesis (Denton & Randle, 1967; Saggerson & Greenbaum, 1970a) . Free fatty acids, lipolytic hormones and 6-N-2'-Odibutyryladenosine 3': 5'-cyclic monophosphate have been found to increase glucose uptake, oxidation and incorporation into total lipids in fat-pads and in fat cells in vitro (Leboeuf et al., 1959; Hagen & Ball, 1960; Lynn etal., 1960; Cahill etal., 1960; Leboeuf & Cahill, 1961; Blecher, 1967) and it has been suggested that many of the effects of lipolytic agents upon adipose tissue metabolism are secondary to increased production of free fatty acids (Leboeuf & Cahill, 1961; Ho & Jeanrenaud, 1967; VassaUi & Jeanrenaud, 1970; Bihler & Jeanrenaud, 1970; Angel et al., 1971b) . Alternatively it has been suggested that lipolytic agents have a cyclic nucleotide-mediated effect upon glucose utilization that is independent of lipolysis (Blecher, 1967; Bray, 1967; Bray & Goodman, 1968; Blecher et al., 1969; Schimmel & Goodman, 1971) .
The present study uses the isolated cell preparation of Rodbell (1964) (Chen, 1967) , dialysed against distilled water and freeze-dried. Palmitic acid (Sigma) was converted into the sodium salt and associated with defatted bovine serum albumin (Evans & Mueller, 1963 
Techniques withfat cells
Preparation. The technique of Rodbell (1964) for preparation of fat cells was used as previously described (Saggerson & Tomassi, 1971) .
Incubation offat cells and measurement ofmetabolic products. Portions of fat cells equivalent to one-third of a fat-pad were incubated in 4ml volumes with the required additions (Saggerson & Tomassi, 1971) . The final concentrations of albumin present in the incubations varied in different experiments and are recorded in the individual result tables.
The measurement of incorporation of 14C into glyceride fatty acids and glyceride glycerol was as described by Saggerson & Greenbaum (1970a) and Saggerson & Tomassi (1971) . In experiments in which the incorporation of tritium from 3H20 into fatty acids was measured, tritium was present at a specific radioactivity of 0.02,uCi/,umol in incubation media. The measurement of incorporation of tritium was identical with that for 14C except that hexane solutions of tritiated extracted lipids were washed twice with 1 mM-H2SO4.
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Free fatty acids in incubated cell suspensions were determined as described previously (Saggerson & Tomassi, 1971) , by using the method of Itaya & Ui (1965) .
Incubated cell suspensions were deproteinized, neutralized and assayed for lactate, pyruvate and glycerol (Saggerson & Greenbaum, 1970a; Saggerson & Tomassi, 1971) . Normally glycerol was assayed by the method of Garland & Randle (1962) . However, when pyruvate was included in incubation media as a substrate the method of Wieland (1957) was used.
Determination offat cell DNA. Portions (1 ml) of non-incubated fat cells (equivalent to one fat pad) were extracted as described by Denton et al. (1966) and DNA was determined with calf thymus DNA used as a standard (Burton, 1956) . A mean value of 123,ug of DNA/g dry wt. of cells was obtained for cells prepared from normally fed animals.
Expression ofresults
Rates of incorporation of substrates are expressed throughout as pg-atoms of substrate carbon/h per 100,ug of fat cell DNA and are the means ± S.E.M. of the number of determinations (usually 3-5). In a single determination one measurement was made of each parameter presented in a particular table. A different fat cell preparation was used for each determination.
Results
Figs. 1 and 2 show the dependence of fatty acid synthesis and glyceride glycerol formation from
[14C]glucose upon the initial glucose concentration in the medium. In the absence of palmitate, 5mM-glucose gave maximal rates of lipogenesis in the presence of insulin. In the presence of 0.5mM-palmitate considerable increases in the rate of fatty acid synthesis, compared with those in the absence of palmitate, were observed at higher glucose concentrations in the presence and absence of insulin. Even greater percentage increases in glyceride glycerol synthesis were observed in the presence of palmitate. The results of Table 1 demonstrate that the concentration of insulin used in the experiment shown in Figs. 1 and 2 was saturating as far as fatty acid synthesis from ['4C]glucose is concerned. It can be inferred therefore that the rate of ['4C]glucose incorporation into fatty acids reaches a limiting value with 5mM-glucose+20munits of insulin/ml unless other agents such as palmitate are added to the incubation medium.
In Table 2 it may be seen that the production of lactate and pyruvate, though influenced by the presence of insulin and dependent upon the glucose concentration, is less affected by variation in these parameters than is glucose incorporation into fatty Vol. 128 The conditions of incubation were as described in the legend to Fig. 1 . The results were obtained in the same experiment as that summarized in Fig. 1 . *, Antiinsulin serum; A, anti-insulin serum+palmitate;
o, insulin; n,, insulin+ palmitate.
acids. These findings provide additional supporting evidence for the involvement of insulin in the regulation ofpyruvate oxidation in the fat cell as discussed by Coore et al. (1971) . It may also be seen in Table 2 that lactate/pyruvate ratios in the fat cell suspensions after incubation for 1 h were consistently lower in the presence than in the absence of insulin. Table 3 shows the effects of different concentrations of palmitate upon lipogenesis from 5mM-glucose+20munitsofinsulin/ml (maximalconditions) and from 1 mM-glucose (an arbitrarily chosen concentration of glucose, which does not give maximal rates of lipogenesis). Fatty acid synthesis from 5mM-glucose was stimulated by palmitate, but fatty acid synthesis from 1 mM-glucose was not significantly Figs. 1 and 2 ). Glyceride glycerol formation from glucose at either concentration was progressively increased with increasing palmitate concentration. The increases in glyceride glycerol formation were accompanied by decreases in the lactate/pyruvate ratios in the cell suspensions. This may reflect increased utilization of cytoplasmic NADH for glycerol 1-phosphate synthesis.
Tables 4 and 5 demonstrate that similar effects may be produced if free fatty acids are generated in the cell suspensions through the actions of lipolytic agents. Fatty acid synthesis from 5mM-glucose+insulin was stimulated in the presence of adrenaline or 6-N-2'-Odibutyryladenosine 3': 5'-cyclic monophosphate, the effects being optimum at approx. 0.5,uM-adrenaline and 0.5 mM-6-N-2'-O-dibutyryladenosine 3': 5'-cyclic monophosphate respectively. Significant stimulations of fatty acid synthesis from 1 mM-glucose were not observed. The effects of adrenaline and 6-N-2'-Odibutyryladenosine 3': 5'-cyclic monophosphate upon glyceride glycerol formation and upon the lactate/ pyruvate ratio were similar to those observed with palmitate.
Stimulation of fatty acid synthesis in the presence of palmitate is not apparent when pyruvate or lactate is used as substrate (Saggerson & Tomassi, 1971) . Palmitate in fact inhibits fatty acid synthesis from these substrates. Similarly it may be seen in Table 6 that fatty acid synthesis from pyruvate is decreased in the presence of adrenaline in both the presence and absence of insulin. The antilipolytic action of insulin may be seen in the higher concentrations ofadrenaline necessary both to increase glycerol production and to decrease fatty acid synthesis in the presence ofinsulin.
In Table 7 it may be seen that total fatty acid synthesis, as measured by tritium incorporation into Fig. 3 it may also be seen that glyceride glycerol formation increased with increasing palmitate concentration in all three dietary conditions though the esterifying ability of the cells was decreased with increasing time of starvation. Table 9 demonstrates that, though starvation considerably decreases the ability of fat cells to incorporate [14C]glucose into fatty acids (Fig. 3) (Saggerson & Greenbaum, 1970b In the experiment shown in Table 10 , measurements were made of the amounts of free fatty acids and glycerol in incubated cell suspensions at the beginning and end of 1 h of incubation. Glycerol contents were found to be negligible at the start of the incubations. Fat-cell suspensions from 24h-starved rats differed from normal cells in having higher rates of lipolysis (as indicated by glycerol production), in having higher free fatty acid concentrations at the start of the incubation, and in utilizing (presumably esterifying) more endogenous fatty acid during the course of the incubation. Fat cells from 72h-starved rats had higher rates of lipolysis than normal cells and showed a net output of fatty acids during the course of the incubation. These results are relevant in explaining the different effects of palmitate on lipogenesis in these three types of fat cells as discussed below.
Discussion
The results presented in this study indicate that free fatty acids, adrenaline and 6-N-2'-O-dibutyryladenosine 3': 5'-cyclic monophosphate have very similar effects upon the parameters of glucose utilization measured. These results therefore support suggestions that effects of lipolytic agents upon glucose metabolism are mediated through the resulting increased concentrations of free fatty acids. In general the data are consistent with the proposal that increased free fatty acid production by lipolysis (as measured by glycerol production) gives rise to increased esterification of fatty acids (as measured by glyceride glycerol formation) with resultant utilization of ATP and cytoplasmic NADH, thereby relieving restraints upon fatty acid synthesis. In the the ATP utilization of the cell and should therefore increase the synthesis of fatty acids from glucose as observed without any change in glyceride glycerol formation being apparent.
An antilipolytic effect of insulin is apparent when adrenaline is the lipolytic agent (Tables 4 and 6 ), but not when 6-N-2'-O-dibutyryladenosine 3': 5'-cyclic monophosphate is used to increase lipolysis. This is in accord with earlier observations (Blecher et al., 1968; Hall & Ball, 1970) and may reflect an inability of cyclic nucleotide phosphodiesterases in the tissue to degrade this cyclic nucleotide analogue as discussed by Blecher et al. (1970) .
In normal fat cells, rates of triglyceride synthesis were potentially very high indeed and virtually linear with palmitate concentration; starvation appeared to decrease the esterifying capacity of the cells (Shapiro et al., 1957; Bally et al., 1960; Rubenstein et al., 1965; Angel & Roncari, 1967) . Decreases in lactate/pyruvate ratios closely paralleled increased rates of triglyceride synthesis, indicating that this process may be important in governing the cytoplasmic redox state in adipose tissue (Saggerson & Greenbaum, 1970a) .
The varying response of the rate of fatty acid synthesis to changes in concentration offree fatty acid or to changes in lipolytic rate is interesting. Presumably fatty acid synthesis from 5 mM-glucose in the presence of insulin has reached a 'self-limited' value, as described by Flatt (1970) . Increased triglyceride synthesis allows this process to be increased until a maximum is reached. Increased provision of fatty acids beyond this level then leads to a gradual decrease in fatty acid synthesis. The maximal stimulation of glucose-derived fatty acid synthesis achieved through provision of free fatty acids (0.5mM-palmitate, 0.5,uM-adrenaline or 0.5mM-6-N-2'-Odibutyryladenosine 3':5'-cyclic monophosphate for normal cells incubated with 5mM-glucose+insulin) cannot correspond to a maximal utilization of ATP or cytoplasmic NADH since esterification rates and changes in the lactate/pyruvate ratio are not maximized at this point. It can also be shown that the capacity of the cells to synthesize fatty acids is not maximal under these conditions (Saggerson, 1972) . Two competing effects, one stimulatory and one inhibitory, are therefore apparent in regulating the rate of fatty acid synthesis from glucose. It is suggested that the fatty acid-esterifying system(s) become increasingly saturated as the provision of free fatty acids is increased, thus allowing free fatty (Saggerson & Tomassi, 1971 ). In Fig. 3 it may be seen that fatty acid synthesis in 24h-starved cells is decreased by palmitate concentrations above 0.25mm, whereas in normal cells the effect is only apparent above 0.5mM-palmitate. This presumably reflects a lower esterifying capacity of the 1066 E. D. SAGGERSON 24h-starved cells together with an increased production and initial amount of endogenous free fatty acids in cells incubated without palmitate (Table 10) . Presumably the profile of the response to palmitate is the same in 24h-starved cells as in normal cells but has been moved towards the left of the graph in Fig. 3 . In the absence of insulin, palmitate and lipolytic agents did not produce appreciable stimulations of 1 mmglucose incorporation into fatty acids (Tables 3-5) . However, when the glucose concentration was 5mM (Figs. 1 and 2 ) and glyceride glycerol formation was raised to an amount comparable with that found in the presence of insulin, fatty acid synthesis was then stimulated by 0.5mM-palmitate in the absence of insulin.
A third effect upon fatty acid synthesis from glucose is apparent when palmitate is added to 72h-starved cells. In these cells the fatty acid-esterifying capacity is severely curtailed and the provision of endogenous free fatty acids by lipolysis in cells incubated without palmitate is greater than in normal cells (Table 10 ). Under these conditions the profile of the response to palmitate is presumably moved even further to the left of the graph shown in Fig. 3 . Higher concentrations of palmitate caused a secondary stimulation of fatty acid synthesis from glucose in 72h-starved cells, which was proportional to the concentration of palmitate and became apparent when the esterifying capacity of the cells was virtually saturated (Fig. 3 and Table 8 ). Free fatty acids are known to uncouple oxidative phosphorylation in isolated mitochondria (Pressman & Lardy, 1956 ) and Angel et al. (1971b) have suggested that ATP concentrations fall in fat cells incubated with lipolytic agents in the absence of glucose, as a result of free fatty acid-mediated uncoupling of oxidative phosphorylation. In the fat cells from 72h-starved animals, used in this study, glucose will have no protecting effect against uncoupling once a palmitate concentration has been reached that saturates the esterifying capacity of the cells. Stimulation of glucose conversion into fatty acids through uncoupling of oxidative phosphorylation is in accord with the predictions of Flatt (1970) and with reported effects of other uncoupling agents upon fatty acid synthesis from glucose in fat cells (Saggerson, 1972) . In brown fat cells, controlled uncoupling through free fatty acids has been proposed to play a physiological role (Prusiner et al., 1968) . The results presented in this study suggest that extreme unphysiological conditions have to be employed to produce such an effect in white fat cells.
From the results presented in -5) , that pyruvate oxidation is decreased under these conditions. If pyruvate oxidation decreases as a result of increased fatty acid oxidation, which in turn increases with increasing concentration of free fatty acid (Bally et al., 1960) , some dilution of the acetyl-CoA pool should be observed with resultant alterations in the 14C/3H ratios presented in Table 7 . Significant alterations in these ratios are not observed. However, if there is normally a tight gearing between ATP production and utilization in the cells, the observed changes in fatty acid synthesis may result from very small changes in fatty acid oxidation, which would not cause significant changes in the specific activity of acetyl-CoA. Alternatively acetyl-CoA derived from fatty acid oxidation may not enter the acetyl-CoA pool that is the precursor for fatty acid synthesis.
